The electronic structures of known N-heterocyclic carbenes (NHCs) with boron, nitrogen and phosphorus backbones are examined using quantum chemical methods and compared to the experimental results and to the computational data obtained for a classical carbon analog, imidazol-2-ylidene. The σ-donor and π-acceptor abilities of the studied NHCs in selected transition metal complexes are evaluated using a variety of approaches such as energy and charge decomposition analysis, as well as calculated acidity constants and carbonyl stretching frequencies. The study shows that the introduction of selected heteroatoms into the NHC backbone generally leads to stronger metal-carbene bonds and therefore improves the ligand properties of these systems. The backdonation of -electron density from the metal to the ligand is found to be strong in complexes of the studied NHCs with group 11 metals, where it constitutes up to nearly 35 % of the total orbital interaction energy. The ligand properties of the aluminum analogs of some of the reported NHCs with boron backbones are also assessed.
Introduction
Classical carbenes are compounds featuring a neutral divalent carbon atom having only six electrons in its valence shell.
1 Once considered to be reactive intermediates, too elusive to be isolated, 2 N-heterocyclic carbenes (NHCs) became bench-top reagents after 1991, when the first stable derivative, A, was reported. 3 Their exceptional stability was later shown to arise from the combined -donating and -withdrawing properties of nitrogen, which increase the HOMO-LUMO gap of the molecule. 4 In recent years, it has been shown that the carbene backbone can be considerably modified without significant loss of stability by adjusting the ring size and/or introducing heteroatoms into the molecular framework. 5 Among the more striking examples, the two -electron cyclopropenylidene B 6 and the non-planar four-membered carbene C with a pyramidal phosphorus backbone 7 have proven to be stable at room temperature and display typical NHC behaviour. 5i Another interesting type of modification is the replacement of one of the electronegative amino groups in NHCs by a strongly donating alkyl group, thus giving rise to cyclic (alkyl)(amino)carbenes, which display interesting chemical properties as nucleophiles.
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NHCs form stable complexes with transition metals and have found extensive applications as ancillary ligands in catalysis, 9 as well as reagents and catalysts in organic chemistry. 10 Therefore, it has become increasingly important to determine the effect of modifications of the carbene molecular structure on their chemical properties, especially the -donating ability, which largely determines their ligand behaviour. 11 Though carbenes have proven to be excellent -donors, 3 surpassing ethers, amines and phosphines in this regard, their potential as -acceptors has only recently attracted interest. 11, 12 The bonding properties of NHCs have been extensively studied by employing various experimental techniques including IR-spectroscopy, 13 X-ray diffraction, cyclic voltammetry 14 and the determination of the pKa values of their conjugate acids. 15 The last-mentioned method has, however, been of only minor importance as only two reports dealing with the experimental basicity of imidazol-2-ylidenes have been published. Furthermore, since geometrical parameters are not unambiguously related to electronic properties, the conclusions reached by the evaluation of bond lengths and angles can be considered somewhat speculative. For these reasons, most of the experimental investigations have been focused mainly on the analysis of the CO-stretching frequencies of the NHC-carbonyl complexes with different metals; 13 a recent systematic study of a variety of N-heterocyclic carbene-rhodium(I) dicarbonyl complexes revealed differences in their relative bonding properties and confirmed the highly -basic nature of the most frequently employed systems based on the imidazol-2-ylidene framework. 13a Not only experimentalists but also theoretical chemists have found the electronic properties of carbenes intriguing. Moreover, computational work has become extremely important as its methods enable the comprehensive analysis of a great number of systems with related properties  a task that would be difficult or, in some cases, impossible using experimental methods alone. Accurate molecular geometries and vibrational frequencies as well as thermodynamic properties can be calculated theoretically by employing either density functional or wave function-based methods.
Investigations on the electronic structure using charge decomposition analysis (CDA) 16 and energy decomposition analysis (EDA), 17 the latter within the fragment molecular orbital (FMO) approach, can be applied to obtain detailed information of individual bonding interactions within molecules.
All of the above methods have previously been used to study the bonding properties of carbenes.
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The latest computational analyses of the ligand properties of imidazol-2-ylidene have collectively 4 led to the conclusion that N-heterocyclic carbenes cannot be considered pure -donors but also show a moderate amount of -bonding character in their complexes. 11, 12f Although there have been detailed theoretical investigations into classical imidazole-based carbenes, 18 significantly less is known about the electronic structures of the more recently reported
NHCs with inorganic backbones, especially of those containing boron and phosphorus. 19 Interestingly, experimental evidence shows that the ligand properties of some of these heterocyclic compounds surpass those of imidazol-2-ylidenes. 5f,h We have now undertaken the first comprehensive DFT-based study of the electronic structures and bonding characteristics of the known NHCs with fully inorganic backbones, 15. 5f-i,20 Imidazol-2-ylidene, 6, will be used as a reference point. Both free ligands and their metal complexes were investigated by applying a variety of approaches including CDA and EDA, as well as a calculation of acidity constants and IRstretching frequencies. In addition, the aromatic character of carbenes 13 and 5 was assessed by analysing their -symmetric MOs and determining nucleus independent chemical shift (NICS)
indices. 21 The results of the current investigation are useful for the systematic development of carbenes with tailored bonding properties. In this respect, the ligand behaviour of some currently unknown aluminium analogues of 13 was also assessed.
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Computational details
Molecular geometries were optimized with DFT using the hybrid PBE1PBE exchange-correlation 
Results and discussion
Free carbenes 16
Geometries. Optimised metrical parameters of 16 (R = H) are listed in Supporting Information in conjunction with the available X-ray crystallographic data for their experimentally known counterparts. 3,5f-i,32 It can be seen that generally there is a good agreement between theory and experiment, although some deviations do occur. For instance, the optimised geometries of 1 and 3, 6 whose X-ray crystal structures show a small and moderate amount of ring torsion, respectively, are found to be fully planar. In contrast, carbene 2 displays the opposite trend by having a non-planar ring structure with two pyramidalised nitrogen atoms at its calculated global energy minimum.
The above differences between the calculated and crystal structures of 16 can be attributed to the steric bulk of the substituents. Hence, extensive calculations performed for systems 16 using phenyl and methyl groups were carried out in order to gain more insight into the effect of steric crowding on the molecular geometry. Upon substitution, the carbenes 1, 5 and 6 retain a near-planar geometry, whereas the ring structure in 3 distorts from planarity due to electronic repulsion between the amino-methyl substituents. The effect of the substituents on the geometry of carbene 2 is particularly interesting: a virtually planar four-membered ring is observed for this NHC experimentally, 5g while theoretical calculations show that, although some decrease in its ring torsion occurs, the addition of methyl and phenyl groups does not succeed in forcing the structure to a planar form. To ascertain that the planarity observed in the solid state structure of 2 is not due to lattice effects, its molecular structure was re-optimised employing the experimental substitution pattern. The calculation leads to a fully planar ring system, thereby confirming the important role of steric bulk of the substituents in determining its geometry.
Electronic structures and relative aromaticity. The molecular orbitals of 16 (R = H) were analysed in their optimised geometries except for 2, whose MO analysis was conducted for a system with a planar NCNB framework. Inspection of the MOs shows that each carbene possesses a highlying -type HOMO, which is centred on the divalent carbon atom. Along with the fact that the orbital features suitable bonding characteristics, this confirms that the carbene lone pair in each of the ligands is readily available for coordination to metal centres.
Though initially thought to play an important role in the stabilization of NHCs, aromatic stabilisation is now known to have only a minor effect in determining the overall stability of these reagents. It is nevertheless interesting to assess the contribution of the aromatic stabilisation to the 7 overall stability of the considerably more labile NHCs with inorganic backbones 13 and 5. The -symmetric valence MOs of NHCs 13 and 56 are shown in Figure 1 ; carbene 4 will be excluded from the discussion because of its non-planar geometry. The -systems of 5 and 6, each containing a five-membered ring, are very similar and display a considerable amount of electron delocalisation, which renders the molecules subject to aromatic stabilisation. Though carbene 3 contains a fivemembered ring as well, the electron density in its 1 MO is concentrated mainly on the NCN moiety leaving the diboron framework virtually depleted. In addition, the presence of two amino substituents in carbene 3 means that the system contains 8 electrons in -symmetric valence orbitals with significant contributions from the exocyclic nitrogen atoms to its 2 and 3 orbitals. These bonding characteristics readily explain the presence of a long BB bond in 3 and rationalize why its exocyclic BN bonds are shorter than the endocyclic ones. Based on its metrical parameters, ring conjugation in 1 appears to be only moderate yet not entirely non-existent. The -symmetric MOs of this six-membered ring system resemble those of 5 and 6, with significant contributions from all carbon, boron and nitrogen centres in the ring. Hence, based on MOs alone, carbene 1 can be expected to display some degree of aromaticity. The planarity of carbene 2 has been shown above to stem exclusively from steric effects. Its three -symmetric MOs reveal that net electron delocalisation occurs in the NCN framework as well as within the exocyclic NB bond, so no ring conjugation is to be expected. Similar to carbene 3, the exocyclic NB bond is short and displays significant multiple bonding character.
One way to quantitatively assess the relative aromatic character of molecules is through the determination of their nucleus independent chemical shift (NICS) indices -a method based on the theoretical chemical shielding tensor (sign reversed) for a ghost atom residing at, or slightly above, the centre of a ring system. 21 Significantly negative NICS values inside rings and cage structures indicate the presence of strong diatropic ring currents and denote aromaticity, whereas positive values, associated with paratropic ring currents, indicate opposite, antiaromatic behaviour. On MO grounds, it is reasonable to expect aromatic character for NHCs 5, 6 and, to a lesser extent, 1, so NICS(1)zz indices were calculated for these carbenes as well as for the formally four -electron ring systems 2 and 3 (R = H). 33 For reference purposes, the NICS indices of benzene and cyclobutadiene, the two far ends of the spectrum, were also calculated.
As far as the systems under study are concerned, the magnetic features of aromaticity are well in line with the results obtained from molecular orbital analysis. Carbene 5 has a remarkably negative NICS(1)zz index (35.3 ppm) even in comparison with the corresponding value for benzene (29.5 ppm) indicating significant aromatic stabilisation. Nevertheless, the carbene 5 cannot be isolated, as the stabilising contribution is not significant enough to overcome its inherent instability with respect to dissociation to dinitrogen and the corresponding carbodiimide, RN=C=NR. 32 According to its NICS index of 7.8 ppm, the six-membered ring 1 displays some aromatic character though the effect is of minor importance, which is clearly seen when its NICS value is set against that of 6 (29.3 ppm) and bearing in mind that carbene stability is, in general, attributable to aromaticity only to a small extent.
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The NICS(1)zz indexes calculated for 2 and 3 are 11.8 and 3.1 ppm, which are positive but far less than the reference value calculated for cyclobutadiene (55.6 ppm). Hence, as has already been discussed, carbene 2 escapes antiaromaticity by having an incomplete -delocalization. The stabilizing effect of the amino group to the structure of 2 is best illustrated by calculating the NICS(1)zz value for a structure in which the terminal NH2 moiety has been replaced by, for example, a hydrogen atom or a methyl group. The calculations show that such hypothetical four - shows that the group 6 and 11 transition metals form the longest and shortest bonds with carbenes 1/6, and 2/4, respectively; the metals from group 4 exhibit a slightly different pattern and display the longest metal-NHC bonds with ligands 1 and 3. This is likely due to the effect of the carbene ring size on its capability to penetrate into the proximity of the metal centre, as the shortest bonds are always observed for NHCs with the most acute NCN bond angles. The metal-NHC bond length generally increases down a group and from right to left in a period. An interesting exception to the former is found for the group 11 complexes 9: when ordered according to increasing bond length, they display a uniform trend Cu, Au and Ag i.e. the gold complexes feature metal-NHC bond lengths intermediate between those of their copper and silver analogues. Such behaviour is not unusual for compounds containing gold and is readily associated with the importance of relativistic effects for such a heavy element. 35 Upon complexation, the molecular frameworks of ligands 16 are not significantly altered and such behaviour is typical of NHC-metal complexes. 34 Some interesting results are observed for the metal complexes of carbene 2 where the ligand adopts its minimum, non-planar, geometry.
Compared to the optimized structure of the free NHC, the dihedral angles of 2 are significantly diminished in both its d 6 and d 10 metal complexes, the calculated values ranging in between 0  4 and 0  7, respectively. Although a moderate decrease in dihedral angles is observed for 2 in its copper and silver compounds, the optimized geometry obtained for the gold complex stands clearly out from the rest by having a fully planar heterocyclic ring framework. This hints that the metalcarbene bond in complexes of NHC 2 with group 6 and 11 metals contains significant -contribution with a clearly noticeable maximum when M = Au (cf. EDA results below).
Molecular orbital analysis.
As discussed above, the HOMOs of 16 have both proper symmetry and energetic accessibility to allow these NHCs to act as excellent -donors. However, there are also -type MOs in NHCs 16 that fulfil the requirements for interacting with the orbitals of the metal fragments in complexes 79. While the occupied -orbitals depicted in Figure 1 do not alone result in net bonding contributions with the filled metal orbitals, they are able to mix with their unoccupied counterparts, thus resulting in overall stabilizing -interactions.
The nature of the metal-NHC bond in 7-9 was analyzed using the fragment molecular orbital method, which reveals that in all systems there are both -bonding and -backbonding interactions. 36 The two most important bonding MOs of the complex 9c containing the NHC 6 (R = H) are depicted in Figure Energy decomposition analysis. The orbital characteristics and energetic properties of metal-NHC bonds in 79 were examined by employing energy decomposition analysis. 17 Recently, the same method has been used to analyse various transition metal complexes of imidazol-2-ylidene and the discussion below will closely follow the previous work.
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The energy associated with the bond formation between molecular fragments, both possessing the optimised geometries of the final complex, will be referred to as the total bonding energy ∆Etot. 37 According to EDA, ∆Etot can be decomposed into the steric and orbital interaction parts, ∆E 0 and ∆Eint, respectively: ∆Etot = ∆E 0 + ∆Eint. The steric interaction between the metal and carbene fragments consists of purely electrostatic interaction ∆Eelstat and a term ∆E Pauli corresponding to the Pauli repulsion (i.e. two orbital, three or four electron interactions) between occupied orbitals on both fragments. The former has a stabilising contribution to the bond formation while the latter tends to destabilise the bond, and their relative importance determines the effect of ∆E 0 on the total interaction energy between the fragments.
The total orbital interaction energy ∆Eint has an instructive interpretation as a sum of contributions from the various irreducible representations of the molecular point group. Therefore, by assessing the symmetry of the system, the -and -characteristics of the interaction between its fragments are easily determined. The latter is conveniently described as consisting of contributions from -backdonation (metal to ligand) and -donation (ligand to metal), the amount of which are found out by performing constrained space orbital variation (CSOV) calculations. 38 In such a procedure, the energy decomposition analysis is carried out as usual but the unoccupied -orbitals from the carbene and metal fragments are successively removed from the calculations in order to assess the amount of -donation and backdonation, respectively.
Complexes 79 with NHCs 16 (R = H) were subjected to EDA analysis and the numeric results are given in the Supporting Information. A planar geometry was assumed for carbene 2 in its complexes as this is in agreement with the experimental data and it allows factorization of the orbital interaction term to different -and -contributions. In line with the previous results obtained for imidazol-2-ylidene, 12e the major contribution to carbene-metal bonding comes from the orbital interaction term but the observed trends are unambiguously paralleled neither in steric nor in orbital interaction energies. However, closer inspection of the origin of Eint proved to be instructive in 13 this respect (see below). For group 4 complexes, the Pauli repulsion outweighs the attractive electrostatic interaction and the overall effect of steric interaction is destabilizing, thus leading to more positive total bonding energies. The situation is reversed in group 11 complexes, whereas group 6 compounds display ambivalent behaviour: the E 0 term is positive for chromium, almost vanishing for molybdenium and slightly negative for all wolfram complexes. The total bonding energies ∆Etot calculated for 79 are presented graphically in Figure 3 . In general, the weakest bonds with a ∆Etot at around 125 kJ mol 1 are observed for group 4 complexes, while group 11 metals, especially Au, display the most negative total bonding energies.
A particularly weak Hf-NHC bond in the complex 7c of NHC 2 stems from the relatively high Pauli repulsion energy of 749 kJ mol 1 , which in turn results in an overall destabilising steric interaction term. The metal-ligand bond strength increases down a group for d 0 complexes while for d 6 Of all the systems studied, the carbenes 3 and 5 form the strongest and weakest bonds with a given metal, respectively. The only exceptions are the d 0 metal complexes of 2 and 1. For the former three systems, the carbene-metal bond is weaker than for the corresponding compounds of ligand 5, whereas the total bonding energies for the latter systems are the most negative with respect to other group 4 metal complexes. The tendency of ligand 5 to form relatively weak bonds parallels the above discussion concerning the properties of its frontier molecular orbitals. The trends in ∆Etot also show that there exists no correlation between bond length and the calculated total bonding energy. 
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Along with the -donation, there also exists a moderate amount of orbital interaction energy corresponding to -interactions, the relative importance of which is depicted in Figure 4 for systems 79 with NHC ligands 13, 5 and 6; carbene 4 was excluded because of its lack of planarity that prevents the decomposition of the orbital interaction energy term. As displayed in the graph, -interactions are the least important for group 4 complexes (at around 10 % of ∆Eint) and their significance increases with increasing d-electron count. The relative amount of -interaction reaches its maximum in Cu-NHC complexes in which it constitutes 25  32 % of the orbital term.
When absolute values of different components in ∆Etot are set against the total bonding energies, the -interactions appear to be the most important in the gold systems. Unsurprisingly, the strongest - elements, 39 and it has also been used to study the bonding in group 11 metal complexes of Nheterocyclic carbenes.
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In the current study, the primary aim was to apply CDA as an alternative method to analyse metal-NHC interactions in transition metal complexes 79 and to compare the results to the data from energy decomposition analyses. This presented a problem as it soon became apparent that the numeric values given by the CDA procedure are extremely sensitive to the nature of the chosen basis sets. For instance, when the ECP basis set is used for copper, the calculated donation/backdonation ratio for the complex 9a with the NHC ligand 1 (R = H) is 8.69. This value is in reasonable agreement with the previous results published for this system, 6.64, 12f and indicates almost negligible contribution from metal to ligand backdonation. However, if all-electron TZVP quality basis sets are used for all elements, the donation/backdonation ratio for the copper complex is significantly smaller, only 1.53, which leads to the opposite conclusion that NHCs are equally good -acceptors as typical Fischer carbenes.
It is tempting to assign the observed basis set dependence of the calculated donation/backdonation ratio to the different treatment of relativity in the two calculations. However, it is highly unlikely that relativistic effects would play such a huge role for copper, a fourth period nucleus. Moreover, if relativity would indeed be the key factor, the observed trend should actually be reversed: relativity leads to a contraction of the s and p orbitals, and to more diffuse d and f orbitals, which would be expected to result in smaller donation/backdonation ratios for calculations utilizing pseudopotential basis sets with built-in  albeit indirect  treatment of relativistic effects.
We also note that the CDA results obtained with the all-electron TZVP basis sets are consistent with the other results published herein and also with the data reported in previous publications discussing the bonding in related NHC-metal complexes.
12a-e In conclusion, CDA does not appear to be a reliable method for the assessment of donation and backdonation in the compounds discussed herein.
Relative -donor abilities of 16
Considering systems 16, the qualitative frontier MO theory predicts that molecules that have highenergy electron donating orbitals will be good electron donors and vice versa. However, it must be pointed out that electrostatic effects and the relative orbital energy differences between the ligand and the metal fragment are both very important factors in determining the nature of the metal-ligand bond. Nevertheless, some indication of the relative -donor strength of 16 can be obtained by comparing their calculated HOMO energies. 40 The results show that for most of the studied NHCs, these energies are very close to the level calculated for imidazol-2-ylidene. However, the HOMOs in carbenes 3 (-5.42 eV) and 5 (-7.48 eV) are significantly higher and lower in energy, respectively, when set against the parent NHC system 6 (-6.18 eV). This result is in good agreement with the 18 published experimental data and indicates exceptional ligand behaviour for the NHC with a diboron backbone, 3.
5h,32
Carbonyl stretching frequencies. An indirect method to analyse the relative -donor abilities of ligands is to measure the CO-stretching frequencies of their carbonyl complexes. The lower the (CO) corresponding to the CO group in trans position to the investigated ligand, the stronger -donor this ligand generally is. However, the carbonyl stretching frequencies are dependent not only on the -bonding but also on the strength of the -interaction within the metal-NHC bond: the better the -acceptor ability of a carbene, the smaller the observed decrease in (CO) is, as "excess" electron density from the metal can be transferred back to the NHC ligand. In order to have meaningful comparisons, the ligands used as well as the substitution pattern of the studied systems must be as similar as possible, as the comparison is made between values that differ by only a few wavenumbers. This method has been widely used in the experimental determination of -donor characteristics of N-heterocyclic carbenes 13 including, as a part of an extensive comparative study, 13a some systems with partially or fully inorganic backbones. a Values are reported for A1 (2) and A ' vibrations of (CO)5M(NHC) and (CO)2(Cl)Rh(NHC) complexes, respectively.
As the calculated group 6 complexes of 16 contain carbonyl ligands, the (CO) frequency based analysis of their relative -donor strengths is easily conducted. The symmetric CO stretching frequencies for (CO)2(X)Rh(NHC) (X = halogen) complexes were calculated in addition to those for 8a-c since they are particularly useful in a comparative sense having been widely used in the experimental analyses. The results of the calculations are presented in Table 1 .
The trends in carbonyl stretching frequencies of complexes 8ac with NHC ligands 15 are independent of the transition metal used and in reasonable agreement with the MO and EDA analysis based trends in carbene -donor strengths (see above). Interestingly, in all the complexes, 8, it is the carbene 6 that shows the lowest (CO) values in the series, contradicting experimental observations. 5h,13 This deviation probably arises from computational uncertainties as well as the effect of using fully hydrogen substituted systems in the calculations; it is reasonable to expect that the addition of organic substituents to structures 14 can result in small changes in the calculated frequencies. As a matter of fact, in the calculated (CO) values of 3 with methyl substituents on the exocyclic nitrogen atoms, the agreement with the experimental trend is restored as these frequencies become the lowest of group 6 complexes of 16. In the calculated rhodium complexes, however, the expected trend is reproduced even in the hydrogen-substituted systems. As a whole, the results above suggest that this method, especially as conducted computationally, can give only a direction for σ-donation characteristics and is valid only for the prediction of trends. Even when applied for such purpose it can be deceptive unless systems close (or preferably identical) to the experimental ones are used. To conclude, the trends in calculated (CO) stretching frequencies show that carbenes 1 and 3 are equally good, or better, electron donors as imidazol-2-ylidine, whereas the carbene 5 with a nitrogen-based backbone is undoubtedly the worst in the series.
Acidity constants. In addition to the analyses above, the relative -donating properties of NHCs 16 (R = H) can be assessed by determining their basicity in solution. This is most conveniently done by calculating the acidity constants (pKa values) for their conjugate acids 1H + 6H + . 41 However, much to the computational chemists' dismay, the quantum chemical determination of
absolute pKa values is a highly demanding task, requiring the use of methods that give very accurate energies: an error of only 5 kJ mol 1 in calculating the free energy of a deprotonation in solution 20 results in an error a little shy of one pKa unit. Fortunately, the acidity constants can also be determined in a relative manner by using an experimentally known pKa value of another acid as a reference standard. Recently, the pKa values of 12 nucleophilic carbenes based on the imidazole and thiazole frameworks were determined using computational methods. 41 The results showed that, when ranked according to basicity, the carbenes follow an identical pattern independent of the solvent employed and whether the acidity constants were calculated in a relative or absolute manner.
The acidity constants of 1H + 6H + (R = H) were calculated in a dimethyl sulfoxide solution using pyrazole as a reference standard (pKa = 19.8 the four-membered carbenes 2 and 4 are both almost equally basic as the parent NHC, the tetrazole carbene 5 is the least basic species in the series by a clear margin.
It needs to be pointed out here that the above calculations have completely neglected the effect of different substituents to the pKa values as the analysis has been performed only for the R = H series. In general, the effect of N-substituents to the acidity constants of imidazol-2-ylidine seems to be small when simple alkyl chains such as Me, i Pr and t Bu are used, but it becomes more significant when aromatic ring systems are employed. 41 It can be estimated that most of the studied systems 15 would display significantly reduced pKa values if experimental structures with N-Dipp substituents were used in the analysis. To shed more light on this issue, the pKa values of protonated carbene 3H + were calculated using methyl and phenyl substituents. The N-Ph derivative of 3 has a pKa value of 22.9 which is clearly less than what was calculated for the R = H structure but still much higher than the value obtained for the analogously substituted imidazole framework (16.1).
The acidity constant for 3H + R = Me is 24.4, a value that does not disagree with the general trend observed for the imidazole-based systems. 41 Taken as a whole, the calculated acidity constants support the results from EDA, MO and carbonyl stretching frequency calculations, and lend further support to the good ligand properties of NHC 3. However, as these methods probe -donation, which is not a measurable quantity in itself, from slightly different perspectives, some variations in their results is natural. Moreover, the bonding ability of a ligand is dependent not only on its properties but also on the metal to which it binds to, and is susceptible to the effect of the other ligands on the electronic structure of the complex. Hence, it is impossible to put the series of systems examined here in any definite order with respect to -donation. As a general remark, we note that the consideration of carbenes 16 leads to the conclusion that all systems 14 with an inorganic backbone display bonding characteristics comparable or better to the more traditional NHCs and that the carbene 3 with a diboron backbone stands out from the rest in the majority of the analyses conducted.
Aluminium analogues of 13
All of the conducted analyses point towards the fact that the NHCs containing boron atoms as a part of their backbones show particularly promising ligand properties. It is, therefore, reasonable to ask what happens to these characteristics if the boron atoms in 13 are substituted for e.g. aluminium.
In order to gain predictions about the matter, theoretical calculations were performed for hitherto unknown aluminium analogues 1012 of 13 and their group 11 complexes 9ac.
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The structural trends observed for 13 are reproduced in their aluminium analogues with the exception of 11 which displays a planar geometry even when hydrogen substituents are used.
According to the MO structure of the system, the planarity does not originate from -electron delocalisation as all -orbitals show complete depletion of electron density from the endocyclic AlN bond. In general, the change of boron to aluminium leads to significant lowering of the virtual -orbitals, yet the properties of the -donating HOMOs in 1012 are not altered to a great extent.
The EDA analysis employed for the metal complexes of 1012 shows no remarkable differences compared to the boron systems, which is mainly due to the cancellation between two electronic effects. First, there is a general increase in the -interaction energy between the ligand and transition metal on going from boron to aluminium NHCs. Second, the -contributions to the metal-ligand bonding seem to be diminished for 1012. The combined effect of these two changes is a virtually unaltered total orbital interaction term, which leaves the bonding energies practically
unaffected. An exception for this is carbene 11 that displays approximately 20 kJ mol 1 increased Etot values for all its group 11 complexes as a result of electronic destabilisation due to increased steric interactions. The origin of this effect is in the significant increase (around 10) of the NCN bond angle, which accompanies the change of boron to aluminium. Even though the -orbitals in 1012 are lowered in energy with respect to the boron analogues, their localisation on the group 13 centres subdues the contribution from carbon p orbitals, which, in turn, suppresses -backbonding interactions in the metal complexes.
Conclusions
In this computational study, the electronic structures and ligand properties of various N-heterocyclic carbenes with inorganic backbones were examined. In general, the results show that the increased carbene-transition metal bond strength that generally accompanies the introduction of selected heteroatoms into the ligand skeleton should enable application-oriented tuning of the ligand properties of NHCs.
The analysis of molecular structures and bonding in 16 confirms that ring conjugation affects the electronic structure of the six-membered heterocycle 1 only to a modest amount. The planarity of carbene 2 was shown to stem exclusively from steric effects; this system also escapes destabilizing antiaromaticity by having an incomplete -delocalization due to the presence of an exocyclic amino group. The analysis also confirms the non-aromatic nature of the diboron system 3 and significant aromatic stabilization present in the tetrazole carbene 5.
According to the various theoretical methods employed, the NHC with a diboron backbone 3 stands out from the rest as far as ligand capabilities are concerned, and the six and four-membered ring systems 1 and 2, respectively, bind relatively strongly to transition metal centres as well.
Irrespective of the theoretical method applied, the weakest bonding interactions were found for the tetrazole carbene 5, in agreement to its experimentally observed behaviour. Although the carbene 4 with a phosphorus backbone is less basic and does not bind to metals as strongly as the boron-based systems, it is, nonetheless, found to be a better ligand than imidazol-2-ylidene in complexes with high formal d-electron count.
Inspection of the nature of metal-NHC bonds in complexes 79 revealed that -interaction has a moderate contribution in all systems studied, ranging from ca. 10% to almost 35% of the total 24 orbital interaction energy, the maximum values being reached by group 11 complexes. This is well in line with the previous works based on the study of imidazol-2-ylidene complexes and shows that -interactions form an important feature in the electronic structures of all N-heterocyclic carbene complexes. The -interactions are dominated by the backbonding contribution (from metal to ligand) whose significance increases with increasing d-electron count in all complexes 79, reaching values greater than 90% of total -interactions.
The analyses conducted for aluminium analogues of 13 indicated that the identity of the group 13 element has little effect on the general ligand properties of NHCs. Hence, systems 1012 could represent interesting targets for future synthetic attempts.
